with some structure-activity considerations will be outlined in part II of this review.
The mode of action can most conveniently be measured quantitatively with liquid suspension cultures of green microalgae. Scenedesmus acutus, as used in our laboratory, can be grown in light as well as in the dark offering many possibilities to determ ine adequate peroxidative param eters with the intact cell. Figure 2 shows several typical markers. The first indication for a peroxidizer in action is the immediate halt of chlorophyll bio synthesis as dem onstrated by part A of Figure 2 ( Kunert and Böger, 1981; Wakabayashi et al., 1986) . This is observed in heterotrophic dark cul tures (Nicolaus et al., 1989) as well as in illumi nated autotrophic ones. In the light, in addition to inhibited chlorophyll biosynthesis, a strong degra dation of chlorophylls and carotenoids is observed. Photosynthesis is affected after a couple of hours (part B) and subsequently ethane is produced in the light (part C). Polyunsaturated fatty acids, major constituents of the acyllipids of thylakoids and cell membranes are rapidly degraded leading to evolution of saturated short-chain hydrocar bons. The chain length of the alkane formed de pends on the «-num ber that indicates the location of the double bound at the reduced end of the fatty acid. Linolenic acid, an co-3 polyunsaturated fatty acid, will form ethane, an oo-4 acid propane, an (j o -5 species butane etc. (= "co-l rule"; Sand mann and Böger, 1982) . Propane, for example, shows up besides ethane in treated soybean sus pension cell cultures (Böger and Nicolaus, 1993) . Ethane determ ination with Scenedesmus is a con venient and quick assay for peroxidizing com- pounds applicable to greater series of chemicals using automatic sampling devices. A further param eter easily detectable with either intact algae cells or with higher plant seed lings is the accumulation of protoporphyrin IX (M atringe and Scalla, 1988) . U nder moderate illu mination a high level shows up within 2 -3 hours after application and then gradually disappears ap parently due to photooxidation (Fig. 2. part D) . Gabaculine. blocking the tetrapvrrole biosynthesis pathway (by inhibiting the formation of ö-aminolevulinate; Avissar and Beale, 1988) almost com pletely prevents proto-IX formation. In addition, degradation of pigments and light-induced alkane evolution is stopped. In the cell the accumulated protoporphyrin IX is sensitized leading to radicals which in turn attack the unsaturated fatty acids of the membranes, degrading them, causing ion leak age (O rr and Hess, 1981) and water loss of the cell. Accumulation of proto IX proceeds best in low Light incubation period (hr) Table I light, which may explain the improved efficiency of peroxidizing herbicides applied before the plants are exposed to strong sunlight.
The diuron effect
Using photosynthetically com petent autotrophic cultures, the "diuron effect" is observed with peroxidizers, namely the stop of chlorophyll degradation in the light with a photosynthesis inhibitor present. Also the light-induced production of ethane is al most completely stalled (Fig. 2 , A, C, dashed lines; Kunert and Böger, 1981) . The same holds for for mation of protoporphyrin IX. With photosynthetic tissues or cells having stored carbohydrate reserves, this effect is absent. Apparently, not the photosyn thetic electron transport itself is involved but photosynthates, ATP and reduced pyridine nucleotides are required to synthesize the com ponents for the tetrapyrrole pathway (Nicolaus et al., 1989) . Nurit et al. (1987) showed the same effect with green cu cumber cotyledon pieces as it could be dem on strated with autotrophic soybean suspension cul tures and duckweed (Sandmann et al., 1990; Böger and Nicolaus, 1993) . This alleviation of peroxida tion by photosynthesis inhibitors in autotrophic cells is essentially a safening effect.
Protoporphyrin IX, protoporphyrinogen-IX oxidase
The tetrapyrrole accumulating in the plant cells treated with peroxidizing compounds is mostly protoporphyrin IX. This was proven, however, by NMR and mass spectroscopy in one case only (Sandmann and Böger, 1988) . There is evidence that tetrapyrroles other than proto IX may be formed (e.g. in liverwort cells; Iwata et al., 1994) . The target enzyme of peroxidizing compounds is protoporphyrinogen-IX oxidase (= protox, EC 1.3.3.4; Fig. 3 ) which oxidizes protoporphyrinogen (= protogen; Matringe and Scalla; 1988 . Matringe et al., 1989 . The protogen precursors uro-and coproporphyrinogen are not oxidized (Duke et al., 1994) . The enzyme is located as a membrane-integrated protein in chloroplasts, mitochondria, and in the (outer) plasma membrane (Jacobs and Jacobs, 1987; Matringe et al., 1992; Lee et al., 1993) . The plastidic and mitochondrial protox is instrum ental in the biosynthetic pathway of chlo rophylls and hemes. The peroxidizers are bound to protox competitively vs. the protogen (Camadro et al., 1991; Nandihalli et al., 1993) and reversibly (Nicolaus et al., 1993a) . Protogen is overproduced since the feedback control by an endproduct of the chlorophyll bio synthesis chain is missing (protochlorophyllide?, Kotzabasis et al., 1989) . Protogen is readily oxi dized to proto IX which accumulates in the cell. Oxidation may occur non-enzymatically by oxygen and/or by other protox enzymes, which are not in hibited by peroxidizing herbicides (as claimed e.g. for the plasma membrane by Jacobs et al., 1991; Nandihalli and Duke, 1993) . Also a soluble pro togen-oxidizing peroxidase has been reported (Yamato et al., 1994) . A soluble protox from chlo roplasts of photom ixotrophic tobacco cell cultures can also oxidize coproporphyrinogen (Yoshida et al., 1993) . For the assay of isolated membranebound protox see Nicolaus et al. (1993b) .
The herbicidal effect of peroxidizing herbicides could be quantitatively correlated with the inhibi tion of Echinochloa root growth (perform ed in the light in petri dishes; Wakabayashi et al., 1979) . Such studies were extented to other phytotoxic param eters as exemplified in Figure 2 (Waka bayashi et al., 1988; W atanabe et al., 1992) . For some selected compounds Table I shows logarith mic half-inhibition and half-activation values (plso, pKa) for the param eters m entioned in Figure 2 including data on short-term accumulation of proto IX. Active peroxidizers have low I5 0 values For the definition of the Ka value see Table II for protox. In Table II (4) and (6 ) of Table II . All data can be deduced from the primary target site, that is inhibition of protox leading to impaired chloro phyll biosynthesis as well as accumulation of proto IX. Accordingly, peroxidative data from Scenedes mus can be linked with those from higher plants; the investigator screening for peroxidative activity may choose that m arker which fits best to his labo ratory equipment. The low I5 0 values (and even lower inhibition constants Kj; see e.g. Nicolaus et al., 1995 for de tails) for higher plant protox are responsible for the low use rates in the field. Furtherm ore, proto IX acts catalytically with respect to radical forma tion so that little proto IX present will give a sub stantial peroxidizing effect. At the moment, how ever, neither the stability of protogen or proto IX in the cell is known, nor the turnover rate of oxy gen activation by light-sensitized proto IX.
Questions, problems
A review as presented here, cannot discuss all questions and controversies which still exist relat ing to mode of action of peroxidizing herbicides. Some of them shall be briefly mentioned: 1) Why is chlorophyll biosynthesis blocked? In heme biosynthesis of mammalian mitochondria "substrate channeling" has been shown (Ferreira et al., 1988) which may be effective in plastids, too. Overproduced protogen is oxidized outside the m em brane-bound chlorophyll biosynthesis chan nel. Proto IX apparently cannot reenter the chan nel, unless present in high concentration. High levels of proto IX, indeed, stimulate some protochlorophyllide formation (Kouji et al., 1989) .
2) How is protoporphyrinogen oxidized, nonenzymatically or enzymatically? Both may hap pen, depending on the presence of reducing agents in the cell (glutathione, cysteine). When these are absent oxygen chemically reacts with protogen, and secondly m em brane-bound protox enzymes are poorly inhibited without reducing compounds present. Conceivably, a plasm alem m a-bound pro tox may oxidize protogen (exported) from the plastid even in the presence of peroxidizers pro viding the level of reductants is low in its vicinity. Furtherm ore, there are peroxidases in the cell which may oxidize protogen unspecifically and which are insensitive to peroxidizing herbicides (Yamato et a l, 1995) . 3) Location: Protox enzymes, m em brane-bound and sensitive to peroxidizing compounds, are located in thylakoids, the plastid envelope, and in mitochondria (Cam adro et al, 1991; Matringe et a l, 1992) . The Duke group, however, claims protox absent from thylakoids (Lee et al, 1993) . 4) What type of activated oxygen is formed? Generally, light-activated proto IX leads to singlet oxygen. We could show that proto IX can reduce e.g. nitro compounds in the light using glutathione as electron donor (unpubl. results). This implies that an "electron transport" through sensitized proto IX is possible which may produce super oxide anions (02~) under certain conditions. Also illuminated chlorophyll can generate superoxide anions (You and Fong, 1986) . The radical(s) pro duced in the illuminated G SH/proto IX-system are stable for an hour (checked by epr-data; Kastrau, 1993) . This finding is corroborated by our obser vation that a substantial am ount of ethane is evolved in the dark after Scenedesmus has been pre-illuminated with oxyfluorfen present. Ethane production in the dark depended on the length of the previous light incubation (B. Nicolaus, unpubl. results). Both dark and light ethane formation could be alleviated by radical quenchers like ethoxyquin (l,2-dihydro-6-ethoxy-2,2,4-trimethylquinoline).
5) Little work has been done to systematically check for differences in inhibitor sensitivity of plastidic and mitochondrial protox. With four dif ferent diphenyl ethers somewhat divergent I5 0 val ues and inhibition constants have been reported (Camadro et al, 1991) . Com parative inhibition studies including mammalian m itochondrial pro tox with modern peroxidizers in developm ent should be intensified with reference to possible toxicology. 6 ) Characterization of purified protox: The bio synthetic enzyme from (etiolated) lettuce has been purified as well as that from yeast m itochondria (Camadro et al, 1994) . A problem is loss of activ ity of the m em brane-integrated protein during purification with concurrent alteration of enzyme kinetics (own observations, maize). Plant protox appears to use oxygen or quinones as electron acceptors (Tietjen, 1991) but no decisive data are available at the moment (see also the discussion on protogen-IX oxidizers by Duke et a l, 1994) . 7) Resistance due to impaired protox inhibition is known for mutants of eukaryotic microalgae like Scenedesmus (own results, unpubl.) or Chlamydomonas (Shibata et al, 1992) . As shown for the lat ter species the gene for herbicide-sensitive protox is nuclear encoded. No data on amino-acid ex changes are available as yet to indicate the binding region of protox for protogen and the inhibiting herbicides. Regrettably, only the prokaryotic gene is known and cloned (from Bacillus subtilis; Dailey et al, 1994) . This enzyme is not sensitive to in hibitors.
Resistance (tolerance) against peroxidizers has been reported for some plant species (Sherman et al, 1991) . It appears that generally tolerance is not based on an (altered) herbicide-insensitive protox but results from small proto-IX accumula tion. This may be caused by an (enzymic) degra dation of protogen to non-porphyric products (Jacobs et al., 1994), impaired oxidation of proto gen, or possibly by an altered translocation of protogen within the cell (see discussion of this topic in Jacobs and Jacobs, 1994). Possible en zymic degradations of these tetrapyrroles should be studied. Furthermore, antioxidative systems of the cell are effective against herbicide-induced radicals (Finckh and Kunert, 1985; Gullner et al., 1991) . The antioxidative components (e.g. ascorbate, glutathione) and enzymes can be ma nipulated (Sandmann and Böger, 1990) and in duced by peroxidizing herbicides (Schmidt and Kunert, 1986) leading to differential phyto toxicity. Matsunaka and Wakabayashi (1989) and re cently Devlin and Zbiec (1993) have shown that injury of maize by peroxidizing cyclic imides could be prevented by safeners. Data on very effective impairment of proto-IX accumulation in maize and cress seedlings have been published by treat ment with safeners like naphthalic anhydride or BAS 145 138 (Böger and Miller, 1994) . The mech anism is studied at the moment.
